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Detecting boundaries between strata while drilling a borehole 



(57) A quantative geosteering method utilizes a measurement while drilling dual frequency resistivity tool to 
measure the electromagnetic properties of a formation at the same time and location at two different 
frequencies resulting In four depths of Investigation, whereby sufficient information is yielded for solving the 
problem of an approaching bed in a geosteering mode. That is. It is possible to determine the distance of the 
tool from an approaching bed and it is also possible to estimate the resistivity of the approaching bed. In 
geosteering, the primary depth of interest Is the depth to the contact with another formation. There are three 
unknowns in the problem (i.e., the distance to the upcoming bed, the resistivity of the pay zone, and the 
resistivity of the upcoming formation). This problem Is solved, on a computer, generally uphole at the surface, 
utilizing a simple nonlinear regression scheme e.g, a high angle dipping model inversion using at least three' 
independent data points i.e., at least three of the four depths of investigation, to resoh/e the three unknowns 
identified above, and thereby detemiine the distance. 
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FIG. 1B 
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FIG. 2A 
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DRILLINa a WTT LLBQRE 
The present invention relates generally to drilling a 
wellbore using a measurement-while-driUing facility, it 
can be used for quantitative geosteering utilizing a 
5 nonlinear regression scheme for determining the distance to 
the nearest bed. 

Directional drilling involves the drilling of a 
wellbore along a deviated course in order to bottom out in 
a target region at a particular vertical and horizontal 
10 distance from the original surface location. Directional 
drilling is employed, for example, to obtain an appropriate 
well bore trajectory into an oil producing formation bed 
(or "pay zone') and then drill substantially within the pay 
zone. A horizontally drilled well can greatly increase the 
15 borehole volume in the pay zone with attendant increase in 
oil production. Recent advances in directional drilling 
equipment and techniques some of which are referenced 
hereinbelow, have greatly improved the efficiency of 
certain drilling operations. 

Before a directional drilling well plan is devised, 
the drilling team will usually have significant a prior 
knowledge of geological attributes of the local formations. 
This knowledge may be derived, for example, from survey 
and/or producing wells in the local area. Accordingly, in 
25 the directional drilling process, expected formation bed 
boundaries may be sought as markers from which to implement 
trajectory changes in the well bore. These boundaries are 
typically determined using borehole logging equipment; e.g. 
with so-called "wireline" logging equipment, wherein 
30 measurements are taken in a well bore (with the drill 

string removed) by lowering one or more logging devices in 
the well bore on a cable and taking measurements with the 
device(s) as the cable is withdrawn, and/or with so called 
"loggmg-while-drilling" equipment wherein one or more 
35 logging devices are mounted on the drill string near the 
bit. Logging-while-drilling has obvious 
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•dvmnu«es ibr ditoctiond drilling in thrt tn^iectoiy 
infbnoation, be In^lemeaied witboot pulling the dri^ 

ReaisUvity logging, which meaAoes the electrical iBsisdvity of fomuUons 
snnowKfing MI earth borehole, fa tcommody used tedink^ )a 
so<alled piopagariott teststtvtty logging, which is well suited to JoggingHwhile-driiling, 
energy is transmitted inu» the fcimatiom and prapigales therein. Enet^y shed back mto 
thebowhoteitineasatBdataicedvertoobtainaphayinraOTm 
measurement, or an in ^ i wr mrrnir ementiid an t^tt^r ^-^ ^^^^ gyj^ ^t i^ 

closdy-qmsd recdven are ttaditioadly uaed and the itere dif&reoee bec^ 
fweivaiaiidthdrafflplitudewtto fix, atlenaation) arena bsome 

tools, the phase diffoence and amplitade latb are directly ttKamed acran 
reeetvecL 

Ajignalreceii»edln»fiBt,so^»lled'^,reeeiviag antenna is aU^ 
and its amplitude wiU be lea than the signal recdvnd in a aecoBd. a»<^ 
receiving antenna. RaistiWtiea em then be deriv«lih» both the phase difference 
andtheampUtude«tio<Rjofthereceivedsignals. The dU&reatld measurement is 
piiiBai%ie^)oosiv« to the fomialion opposite the recel^ 

to the borehole and/or variations in the trenanitled signal as in prior art sensing device 
An exampteofaformatioo evaluation uistiuinert of this type is de^ 1 

ttd2ofUAPWentNa54H)l,CT5 which is assigned to the aasignee hereof and 
tacwpoatedhereinbyreference. The fbmiatioo evaluation tod accpiires the reaistivfty 
data in red tinre and then tiansmits this in&miation to the driUing openlw 
sdtablemeasuremem^eslriUingtrensmission tedmiquesudi asmnd pd^ 
or the infbnnation is stored downhole for review aflerietrievd of the tooL 

TTic resistivity logging vdues obtained fiom the desaibed type of propagation 

logging device are usrful in dctctminuig formation resistivity at two depths of 
investigrtion, and can dso be used to locale bed boundaries under most co^^ 
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asbyol«ervin£ao«ov«betv«aR^«dR^ However, when them usubstantml 
inv«ion of the fennatiow by the drilling fluid, bed bound«y deline«ioo au, suffer. 
Abo. there «e situatio« which ari« in directional driffing. particuiriy horizontal 
drilling, when improved bed boundary delineation nuty be des^ 
Considcr,lbrex«„ple.the«tuationwhe«hori»„uldri^^ 
zone ««i it i, desired to nuunt«n.co««lnthep.y«„«««,^^^^ 
P.y»nc A»thedriUp.th.ppro«d«thebou«l.ry.ta^,„„U«,gIc^^^ 
P«»IJel to the boundmy. which is a dip angle dose to 90 degrees) it would be 
-Jvantageou, to Icnow the boundary hasbeenapp^md^ 
On tenn, of dther time or podtlon). ««i to be dJe to identify the loauion of the 
boundarywithgoodaccur^y, fa«chdranBatance,pri* boundary det«ai«^ 
techniques may beinade,«tte,««l the diredlooaldriU^ 

«««iag ecnections^e missed orm^Ieat the wn»,gposition.b 
or later tfatti they sfaould be. 

M.»i-lWb«»drt«. («.i-a-M=.T.D.fl«lK,*A.Q.H.«ri.X««U., 
U>ain, to . Dippbg W Ea»i«»«-, kjarSS Sw«i»n. V.ne«,«r' 

appropriate poat-processiag. 



propagation resistivity logging device, in the steering of 
directional drilling apparatus with respect to a formation 
bed boundary. However, the horns occur very close the bed 
boundary so any correction made using these horns will 
5 generally occur after the drill bit has entered he 
neighbouring formation. 

The above-discussed and other drawbacks and 
deficiencies of the prior art are overcome or alleviated by 
the present invention which is set out in claim 1. in 

10 accordance with the preferred embodiment of the present 
invention, a measurement while drilling dual frequency 
resistivity tool measures the electromagnetic properties of 
a formation at the same time and location at two different 
frequencies resulting in four depths of investigation, 

15 whereby sufficient information is yielded for solving the 
problem of an approaching bed in a geosteering mode. That 
is, it is possible to determine the distance of the 
tool (and thereby the drill bit) from an approaching bed and 
it is also possible to estimate the resistivity of the 

20 approaching bed. 

In geosteering, the primary depth of interest is the 
depth to the contact with another formation. Generally, 
the tool is in a pay zone and the most important purpose of 
the resistivity measurement is to detect the so-called "cap 

25 rock" or the so-called "wet zone" before the bit drills 
into it. There are three unknowns in the problem (i.e.,- 
the distance to the upcoming bed, the resistivity of the 
pay zone, and the resistivity of the upcoming formation). 
This problem is solved, on a computer, generally uphole at 

30 the surface, utilizing a simple nonlinear regression scheme 
e.g. a high angle dipping model inversion using at least 
three independent data points e.g. at least three of the 
above described 2MHz and 400 KHz, attenuation and phase 
difference measurements, to resolve the three unknowns 

35 identified above, and thereby determine the distance . 

While a dual frequency resistivity device is described 
above, it will be appreciated that any device that produced 
three independent depths of investigation can 



be used to calculate the three unkno^wns. For example, phase diiTeroiGemnd amplitude 
lalio at two diiTeient lon^tudmai txansmitier-receiver spacings on the drillstzing provide 
four depths of uivestigaiioiL Phase difloeuee (or attenuation) aloac at three or more 
longitudinal tansmitter-reodver spactngs on die drinatxing eould also be used. 

A method for identiiying bed boundaries by using foniation mode 
described in U^. Patent No. S^O^ZS^ but the present invention carries the process 
much further by calculating the distance from the bed boundary using the pcopagation 
resistivity data, thereby assurxisg that the drilling operator has the al» 
cocxeetions in the drilling process prior to the drill bit eotering a net^hboiing formation. 

The above-discussed and other features and advantages of the present invention 
wiU be ai^irectated arxl understood by those skiUed in the art £^ 
description and drawingL 

Referring now u> the drawings ^xAerein like elemerits ar^ 
sevend FIGURES: 

nOURE I A is a plot of gamnu ray arid calcdated <fistanc6 to the iiearest b^ 
curves agaixtst measured dq)th in a needy horaootal well; 

FIGURE I B is a plot of i^parent resistivity eurves calculated fiom 2 MHz 
attemtation and phase difTerence^ and 400 kHz attenuation and phase diiTerence curves 
against measured depth in the well ofFIGURE 1 A; 

FIGURE 2A is a plot of ganuna ray and calculated t&stance to the nearest bed 
curves apinst measured depth in another nearly horizontal well; and 

FIGURE 2B u a plot of ^parent resistivity curves ^^^t^^^ fiom 2 MHz 
attenuation and phase difierence, and 400 kHz attenuation aod phase differtoce curves 
against measured dq)th in the wdl ofFIGURE 2A. 



Propagatioa resistivity toob for measurement while drilling utilizing two 
frequencies from (he same tnnsmitter-recdver array have recently become commercially 
available. A 400 kHz measurement along with the traditional 2 MHz propagation 
resistivity measurement results in doubling the number of depths of investigation and 
increanng the depth of investigation. The addition of a second fiequeocy (e^, 400 kHz) 
results in fotir depths of investigation (i^ an attenuation and aphase at each fiequency) 
instead oftwo depths for a traditional 2 MHz only (ooL Inamud-motor-integmted 
device spedilcally designed for geosteering, the increase in depth of detection is 
pardcttiariy important in horizontal drilling. In accordance with the preseot invention, 
the four dq)ths o f invest! gation allow ibr the calculation of the distance from an 
approaching bed in horizontal drilling. 

By wqr of example, a two-fiequen^ propagation resisdvity tool useful for 
geosteerice is commercially available as the NaviOatorW fiom 
Incorporated, the assignee hereof; see gpiemlly, Meyer, WJL, Wu, J.Q,, Macune, D.T^ 
andHarvey«P.IL, 1994. Near-Bit Propagation Resistivity &r Reservoir Naviga^ 
presented at the SPE 69th Annual Tedmicai Conference, ^n^^fm^rr 2S-28» paper SPE 
2S31S, wluch is incorporated herein by ref ferenc e. This tool hasa single transmitter- 
reedver separation of about lhixty*five inches, but it transmits A 
MHz and 400 kHz). The result b four depths ofmvesdgatiott,i^ both attenuation and 
phase difference resistivity at two fieqoendes. Tlie received sipals are trananitted 
uphole using measurement while drilling telemetry (e.g., mud pulse or acoustic 
telemetry}, as b well known. 

Tbe tool measures the electromagnetic properties of the formation at the same 
time and location at two different frequencies which doubles the number of depths of 
investigation. In accocdance with the present invention, sufficient information b yielded 
for solving the problem of an approaching bed in a geosteering mode That is. it is 
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posstble to detetmioe the dtatanee of the too) fiom an approaching bed tad it is also 
possible to esdniaie tlie resislivit}' of the approaching bed. 

When drilling horizontally the radial diiecUon relative to the tool is up, down, or 
deeper into the fonnation niher than merely deeper into the fbmation as it b in the 
veitical-hole nxxie. TTus change in geometiy causes a diange in the definition of depth 
ofinvestigalion. In gcosteering, the primaiy depth ofinterest is the depth to the contact 
with another fomiation. Generally, the tool is m a pay zone and the most important 

pun>ose of the resistivity inensiBement is to detect the so<alled "c^} iDdc* or the so- 
called "wet zone" befine the bit drills into it With three ormore depths of investigation 

the distance to the upcoming bed boundaiy can be detenained. Tlieteaze three imioiowns 
in the problem Cix, the detanoe to the iipcoiniitg bed, the lesistivi^ 
the resistivity of the upcoming formation). TTib problem is solved, on a computer 
generally uphole at the sutiaee. utflizing a simple nonlinear regression scheme e.g. a 
Ugh angle dipping modd inversion using at least ttaee independent data points i A, at 
least three of the above described 2 MHz and 400 kHz, attmuation and phase diiTerence. 
nieasuianents, to resolve the three unknowns identified above. Brwqrofeximpie,such 
awmlineariegrewon is taughtinin article entitled Rasislivity kvenion With Ridge 
Regression, by Inman, Geopbysio, VoL 40 #5, pp. 798 - 817. 1975, which u expressly 
incotporated herein by teferenee. 

WWIe a dual fiequency resistivily device is described above. It wttl be 
appreciated that any device that prodoeed three independent depths of mvestigation can 
bcosedtocalculatcthethreeunkaowni For example, phase difference and atnplitude 
ratio at two different iongitudinai tiansnutter^eeeiver spadngs on the drillstring provide 
fourdepthsofmvestigatioa Pba- difference (or attenuation) lone « three or more 
longitudinal tiansmitter^ver spadngs on the drillstring oould also be used. 

Refening to nOURES lA^. data obtained Ibm drilling opcnui 
of Mexico Ixom measurement wfaHe drilling toob on a drillstring near the driU bit .re 



ploUed agftinst mouured depth the overall length of drillstring) in a nearly 
horizonul well. Tivo gamma ray curves 10 and 12 indicate that tUa well is being drilled 
down through a shale into a sandstone. The driller maintained the true v^cal depth but 
the tool seems to leave the pay^one and return to the shale near X13SfeeL Four 
apparent resistivity curves 14, 16, 18and20neveroome completely together in any pan 

of the pay zocie, indicating that the deeper measureoients are sttU being aifec^ 
nearby shale. 

TlieshaUowest measurement is the 2 MHz phase difference (curve 16); it reads 
the highest resistivity of any of the measurements because it is 1^ 
neighboring shale. hi&ct»the2MHzphaaedifIefenoectirve 16 teadsvety eloseto the 
true resistivity of Che pay zone, this mioRnatioa is provided by tiie regression which must 
calcuUte tlte true focmadon lesistivi^ and the dode resistivity along with tte 
thediale. The 400 kHz attrmiation (curve 1 8) b the deepest measurement (see Meyer, 

Wu, J.q^ Macune, DT^ tad Hatvey, P JL, 1994, NeaF^ft Piopagaiion Resistivity 
for Reservoir Navigition, picjeateJ at Urn SFE 69th Ammal Tecfanieat Confcreace, 
September 25-2S« paper SPE 2S3 1 8* which is incorporated herein by re&rence); the 2 
MHzpliasediirerenoe (curve 16) is the diallowest measurement* and the other two 
measurements (otrves 14 and 2(0 M in between, the 2 MHz atlemxatiQn(cur^ 14) is 
usually deeper than the 400 kHz phase dii&rence (carve 20). Tlie measurement with the 
lowest nsistivity is the deepest because it is measmirsg more of the iiearby con^ 
shale. TherefbrB,lbeocderofdep(hsofinvaUg»tioninHGUREIBis:2M^ 
difference (sfaaUowest), 400 kHz phase difference, 2 MHz attenuation, and 400 kHz 
atteouatton (deepest). 

In accordance with the present mvention» the calculated distance to the nearer ' 
bed b plotted as a curve 22 along with the two ganmm rays curves 10 and li At depths 
below X45 the regr essi on doesn't reach the minimiim criteria for detection of a bed; 
therefore a large number for bed distance is plotted. TUs is the normal case when the 

8 



tool bin ft bed that is more conductive thin the The propagation 

resistivity toob sense conductivity so their ability to detect renstive zones b limited. 
However, onoe the tool b b the lesisttve zone it can easily detect nearby conductive 
beds. 

In FIGURES I A-B there b a small horn 24 in curve ISG-e^^MH^I^^ue 
difFerenee) as the tool enters the pay zone at :X60feeL Thbhom24confi2sesthe 
regression to some extent both here and at XI 30 where a larspr bom 26 appears when the 
bed b exited When the 2 MHz phase difTeraiceresistivi^ begins to show a horn (24 or 
26). the rcgxcssioo adieme has somcdiflScolty and the ui c aiurcai e nts are not very 
relbble. Spedficaity, the calcubted value of true resisdvity (Rl) u the pay zone b no 
longpr accorate sfaice the shallow me asur em en ts (ijs^ phase differences) are pertorfacd by 
thehoms. Hie presence of the horns also canses inaccuracy in the measurement of 
distance to the approaching bed. However; fay the tame ^ exiting hora 26 b seen, the 
presence of the bouridary has been observed for some time and corrective action should 
have been taken tfit was desired, audi action was not tdcenmtl^ Tbatis,the 
operitor of the well was aware of the approaching bed boundary, bm d&oose riot to 
a steering adjustment because staying in thb pay sooe was not hb higjbest pnonty* 
Nevertheless, tfab iUustrates the principle features of thb invention. 

bi two places Ci.en XSOandXlOS feet)aBBaximnmofabou(aeven&etbed 
distance is plotted. However, the phase differences, which are the aballowest 
measurements, are the measuteoAcnts which appear to read to facing the corva 
these two points. When the curves come together the situation appeara to be more 
bomogeiieotts, so a larger depth to the bed b computed by the prognm. However, in the 
case of these two xones, thb interpretaticm b suspect because the shallow ozrves have 
moved toward the deeper curves wtien the opposite wodd be expected if the bed di^^ 
were increasing. These calculations are rnade on the data at each depth mther than using 
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the entire daU set* as would be done ta deconvolution. Tbexefore* this technique can be 
used in real time for geosteering. 

Referring to HGUI^2A»B, another OuU^Cbasl pay zone is sbo>m Inthxs 
case the tool never got very iar from the boundary, so curves 14\ \6\ IfandlCTare 
5 &l^vays vdddy separated and the predicted bed distance is alwaya thr^ In 

this case, as in the previous log in FIGURES lA-B, alatge homIS, 30 is seen on exiting 
the bed but not on entering even though the resistivity is almost the saoM in both ca^ 
As this resistivity tool is symmetric^ tool geometry can' t explain the diflerence in horns 
at the boundaries. The most likdy reason for the difierence in bom formation is a 
10 difference in the geology. ^>eciiica]ly the transition from one zone to another. Olten, 

horns are no t seen in Held data when models predict that there should be hoitis, and when 
horns are seen they often don't reaemble the horns in die moddL These dsiferences 
between the models and field data make quantitative interpretation of the horns very 
difficalL 



1 CLAIMS 

2 

3 1. A method for drilling a wellbore in a selected formation at a desired distance 

4 from a boundary defining a change in resistivity with a drill string having a drill bit 

5 and a measurement-while-drilling resistivity device that propagates electromagnetic 

6 energy at one or more frequencies into the formation, receives electromagnetic 

7 energy that has propagated through the formation and produces a plurality of 

8 measurement signals from the received electromagnetic energy, characterized by: 

9 (a) drilling the wellbore along a course in the selected formation by the 

10 drill string; and 

11 (b) determining a distance between a point on the drill string and the 

12 boundary from the plurality of measurement signals. 
13 

14 2. The method according to claim 1 further comprising adjusting the drilling 

15 course in response to tiie determined distance from the boundary. 

') 16 

17 3. The method according to claim 1 or 2, wherein the plurality of measurement 

18 signals includes at least two measurement signals. 
19 

20 4. The method according to claim 1 or 2 or 3, wherein the electromagnetic 

21 energy is propagated into the formation at two frequencies, 
22 
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1 5. The method according to claim 1 or 2, wherein the plurality of measurement 

2 signals include at least three measurement signals. 
3 

4 6. The method according to claim 4, wherein the two frequencies comprise a 400 

5 KHz frequency and a 2 MHz frequency. 
6 

7 7. The method according to claim 1 or 4 or 5, wherein the plurality of 

8 measurement signals includes a signal that depends on the phase difference between 

9 the propagating electromagnetic energy and the received electromagnetic energy. 
10 

11 8. The method according to claim 1 or 5, wherein the plurality of measurement 

12 signals includes a signal that depends on the amplitude of the received 

13 electromagnetic energy. 
14 

15 9. The method according to claim 7 or, wherein the plurality of measurement 

16 signals includes a signal that depends on the amplitude of tfie received 

17 electromagnetic energy. 
18 

19 10, The method according to claim 1 or 2, wherein the electromagnetic energy is 

20 propagated into the selected formation at two frequencies, and wherein the plurality 

21 of measurement signals includes at least three measurement signals, wherein at least 

22 one such measurement signals depends on the phase difference between the 
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1 propagated electromagnetic energy and the received electromagnetic energy and at 

2 least one such measurement signal depends on the amplitude of the received 

3 electromagnetic energy. 
4 

5 11. The method according to claim 10, wherein the two frequencies are 400 KHz 

6 and 2 MHz, 
7 

8 12. The method according to claim 1 or 2, wherein the electromagnetic energy is 

9 propagated through a transmitter on the measurement-while-drilling device at a first 

10 frequency (f ^ and a second frequency (fj) and the electromagnetic energy is received 

11 by two receivers on the measurement-while-drilling device longitudinally spaced from 

12 the transmitter. 
13 

14 13. The method according to claim 1 or 2 or 10, wherein the step of determining 

15 the distance comprises processing the plurality of measurement signals using a 

16 nonlinear regression scheme. 
17 

18 14. The method according to claim 12, wherein f^ is 400 KHz and f2 is 2 MHz. 
19 

20 IS. The method according to claim 14, wherein the step of determining the 

21 distance comprises processing the measurement signals using a nonlinear regression 

22 scheme. 
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1 16. 



The method according to claim 1 or 2 or 15 further comprising: 

2 (i) determining resistivity of the selected formation from the plurality of 

3 the measurement signals; and 

4 (ii) determining resistivity of a formation adjacent a bed boundary of the 

5 selected formation. 
6 

7 17. The method according to any of the above claims further comprising 

8 transmitting the measured signals uphole using a telemetry. 
9 

10 18. The method according to any of the above claims, wherein the distance is 

11 determined by the measurement-while-drilling device during the drilling of the 

12 wellbore. 
13 

14 19. The method according to claim 12 or 15, wherein the nonlinear regression 

15 scheme comprises a high angle dipping model inversion. 
16 

17 20. The method according to any of the above claims 17, wherein the selected 

18 formation is a hydrocarbon producing formation. 
19 

20 21. The method of claim 18, wherein the propagating and receiving 

21 electromagnetic energy is done at three or more longitudinal spacings on the drill 

22 string. 
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22. The method of claim 21, wherein the measurement 
signals comprise signals that depend on attenuation of the 
propagating electromagnetic energy for each said spacings. 

23. The method according to claim 1 or 2 or 16, wherein 
5 the measurement signals are indicative of at least three 

depths of investigation. 

24. A wellbore drilling method substantially as herein 
described with reference to the accompanying drawings. 
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